control plates were also prepared. For one set of control plates, 3 µl of 1xPBS was placed in all four circles 6 5 (Test and Control) , and for the other set 3 µl of mineral oil was placed in all four circles. Once all the 6 6 compounds were pipetted out as mentioned above, the plates were allowed to sit at room temperature for 1 6 7
hour. For each test and control replicate, eight L3s were placed in 5 µl 1xPBS at the origin of the plate. Once 6 8 the L3s were placed at the origin, the plates were incubated in a humidified chamber at 35°C for at least 30 6 9 min.
0
After incubation, L3s in each quadrant were counted. Only the L3s in a quadrant received a score and 7 1 those L3s that did not leave the center or were on the line between two quadrants, did not receive a score.
2
Three trials were performed for each compound tested, with an average of 20 plates per trial per condition.
3
Using these data, a chemotaxis index (CI) for each test and control plate was calculated as:
4
C.I. = [(T1 + T2) -(C1 + C2)]/(T1 + T2 + C1 + C2)
5
Scoring for maximum repulsion and maximum attraction ranged between -1.0 and +1.0, respectively. Plates
6
where at least four parasites moved from the center were retained for calculation of CI. This was used to filter 7 7
plates where the majority of worms remained trapped together in a pocket of liquid at the center. Compounds 7 8 that elicited strong attraction or repulsion were re-tested in a different lab environment, controlling for 7 9 differences in mosquito colony, environmental parameters, and diluent. Five independent trials were carried 8 0 out with an average of three plates per trial per condition.
1
All liquid compounds were tested in an undiluted state, solid compounds were prepared at a 
7
For analysis of chemotaxis plate assays, unpaired two-tailed t-tests were used to compare CI of test 8 8 compounds to CI of control compounds. Each chemotaxis plate was considered a replicate with worms 8 9
originating from a mixed population of mosquitoes, with additional replication through staggered mosquito 9 0 infection trials. No significant batch effects were observed across staggered trials. All statistical analyses and 9 1 visualization were carried out using the statistical programming language R. 9 2 9 3
Results

4
B. malayi external chemosensory structures.
5
The primary chemosensory organs in nematodes are the amphids, a pair of lateral sensory structures located 9 6
anteriorly with cephalic or cervical external openings either side of the mouth of the nematode (Ward et al., 9 7 1975; Wright, 1983; Perkins et al., 1986; Robinson and Perry, 2006; Bacaj et al., 2008) . Amphid pore shape is 9 8 highly variable among nematodes and while the significance of this is unknown, it may be that the more 9 9
convoluted shapes are functional and enhance the sensitivity of these organs as chemoreceptors. Amphidial 0 0 structure in filarial nematodes is poorly defined so we used scanning electron microscopy (SEM) to describe 0 1 the external arrangement of amphids across the B. malayi life cycle. SEM confirmed the presence of amphids 0 2
with an arrangement conserved in all life stages examined (L3, L4, adult male and adult female) (Fig. 2) . B.
3
malayi amphid pore structure is crescent-shaped and generally appeared less prominent than those found in
4
C. elegans but similar to what has been observed in both Onchocerca lupi and O. eberhardi, two species more 0 5 closely related to B. malayi (Uni et al., 2007; Mutafchiev et al., 2013) . Although not the focus of this study, the 0 6 arrangement of other anterior sensillae was also noteworthy. B. malayi possess fewer cephalic papillae (four 0 7
inner labial sensilla and four outer labial sensilla) (Fig. 2) than C. elegans (six inner labial sensilla, six outer 0 8 labial sensilla and four additional cephalic sensilla), which is considered to have the classical arrangement of 0 9 cephalic papillae (Ward et al., 1975; Tippawangkosol et al., 2004) . Like B. malayi, O. eberhardi exhibits a 1 0 reduction in anterior papillae (Uni et al., 2007) suggesting that this reduction may be a common feature of 1 1 filarial worms. To characterize B. malayi sensory neuroanatomy, we used a facile dye-filling assay utilizing the lipophilic dye 1 5 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI) that results in fluorescent loading of the 1 6 sensory neurons exposed to the solution (Hedgecock et al., 1985) . When applied to B. malayi, we observed 1 7 dye-filling of anterior neurons throughout all life stages examined (L3, L4, adult male and female), however, 1 8 dye-filling patterns varied according to life stage. The amphid channel, generated by two glia cells called 1 9 socket and sheath cells and filled with a gelatinous matrix exposed to the environment (Ward et al., 1975;  2 0 Wright, 1983) , consistently stained brightly in all life stages and could be readily discerned (Fig. 3) . Sheath glia 2 1 cell bodies were clearly visible in L3, adult male and female preparations but not in the L4 stage parasites ( stages except adult males (Fig. 3B, E, K) . Noticeably, no amphidial neurons were observed to take up DiI in 2 7
any B. malayi life stage (Fig. 3 ). This is a distinct departure from C. elegans where six amphid neurons (ASH, 2 8 ASI, ASJ, ASK, ADL and AWB) are visible using this technique (Srinivasan et al., 2008) . Although the 2 9 neuroanatomy of nematodes is considered highly conserved in general, these differences in dye-filling patterns 3 0 of chemosensory neuroanatomy may indicate variation in the neuroanatomy of this functional system. and other water-soluble molecules are recognized by the ASE amphid neurons, the primary taste receptor 3 7 neurons in C. elegans (Bargmann and Horvitz, 1991; Bargmann, 2006a; Smith et al., 2013) . Sodium chloride 3 8 has been shown to elicit behavioral responses in C. elegans demonstrating that this is a relevant gustatory 3 9 compound perceived by nematodes (Ward, 1973) . We hypothesized that B. malayi would also be able to 4 0 perceive environmental NaCl and, like C. elegans, would exhibit motile behaviors in response. To test this 4 1 hypothesis we refined a agar plate-based assay ( Fig. 1) to measure B. malayi responses to a range of applied 4 2 stimuli, using NaCl for both assay development and as a model gustatory compound. Using our assay, we 4 3 found B. malayi L3s were strongly attracted to 1M sodium chloride (NaCl) (mean C.I. = 0.55, p < 0.01) when 4 4 compared to water controls (Fig. 4) . It should be noted that although the concentration of NaCl applied to the 4 5 plate was high (1M), the assay allows for the diffusion of water-soluble compounds through the agar, thereby 4 6 creating a concentration gradient radiating from the application point. It is likely that parasites were moving to 4 7
an "ideal" concentration within that gradient. That said, previous studies have shown that when placed in a low
8
NaCl concentrations, the skin-penetrating parasite Strongyloides stercoralis will migrate up a NaCl gradient to 4 9 concentrations as high as 1.1M (Forbes et al., 2004) .
0
Having established a straightforward assay that allows us to describe B. malayi responses to simple 5 1 gustatory stimuli, we wanted to further profile filarial chemosensory behavior, focusing on the role 5 2 chemosensation plays in parasite invasion and disease transmission. Specifically, we wanted to examine 5 3 filarial responses to complex host derived biofluids, or solutions recapitulating such fluids, of which NaCl is a 5 4 component. Attraction to such biofluids may drive host invasion. Aedes saline is a physiological saline 5 5 containing 154 mM NaCl that is designed isotonic to mosquito hemolymph (Hayes, 1953) . Brugia L3 were 5 6 strongly attracted to Aedes saline (mean C.I. = 0.28, p < 0.05) (Fig. 4) . Although more complex than a simple
7
NaCl solution, this positive tactic response to Aedes saline may be a function of the same NaCl response 5 8 previously observed and there was no significant difference between the two responses. To test parasite 5 9
behavior to true host biofluids, we used commercially available human and fetal bovine sera. Brugia L3 were 6 0 strongly attracted to both the human serum (mean C.I. = 0.46, p < 0.01) and the fetal bovine serum (mean C.I. 6 1 = 0.59, p < 0.01) (Fig. 4) . Although the positive response was stronger than that observed to Aedes saline, AWC (Bargmann, 2006a; Chalasani et al., 2007) . Studies using skin-penetrating parasitic nematodes including 7 2 S. stercoralis suggest that perception of odorants plays an important role in host-selection and invasion, likely 7 3 more so than perception of gustatory cues (Castelletto et al., 2014 
attractive to those parasitic species examined (Castelletto et al., 2014) . B. malayi L3 were attracted to L-lactic 7 9
acid (mean C.I. = 0.42, p < 0.05) (Fig. 4) ; given the caveat of variability between assay platforms, this attraction 8 0 was stronger than has previously been reported for parasitic nematodes. Ethanol is an odorant that elicits 8 1 broad responses in nematodes, ranging from mildly repellant (S. stercoralis) to strongly attractive (C. elegans).
2
Here, ethanol was mildly repellant to B. malayi L3 but this response was not significant (mean C.I. = -0.12, p = 8 3 0.12). Next, we focused on select odorant components of human skin emissions. B. malayi L3 were repelled by 8 4
3-methyl-1-butanol (mean C.I. = -0.28, p < 0.05) (Figure 4 ) and 1-nonanol (mean C.I. = -0.33, p < 0.05).
5
Although mildly repelled by 2-methyl-1-butanol, this response was not significant (p = 0.15). Responses to 3-8 6
heptanol were mildly attractive but not significant compared to vehicle (mean C.I. = 0.27, p = 0.43).
7 8
Discussion
9
This study describes chemosensory apparatus and behavior in the filarial nematode, B. malayi, demonstrating 9 0 that these parasites possess the major structures required for sensory perception and exhibit specific tactic 9 1 behaviors when exposed to different chemical compounds. Amphids are the major anterior sensory organs of 9 2 nematodes. The pore shape of the amphids is highly variable among nematodes, ranging from simple slits to 9 3 large complex structures (Ashton et al., 1999) . We used scanning electron microscopy to reveal all B. malayi 9 4 life stages examined (L3, L4, adult male and female) possess simple, crescent shaped amphidial openings that 9 5 are similar to amphid pores of a closely related species, Onchocerca eberhardi and less prominent than those 9 6 of C. elegans (Bargmann and Horvitz, 1991) . The simplicity of amphid pore shape in B. malayi could be a 9 7 functional adaptation to the niche this nematode occupies. C. elegans has a very sensitive chemosensory 9 8 response and is capable of detecting and responding to hundreds of different chemical cues (Troemel et al., 9 9 1997). In fact, C. elegans chemosensation is so sensitive that these nematodes are able to distinguish 0 0 between bacteria that are food sources and those that are pathogenic (Pradel et al., 2007) . Furthermore, these 0 1 worms also respond to environmental compounds in a concentration-dependent manner and exhibit adaptive 0 2 behavior when pre-exposed to chemical compounds (Jansen et al., 2002; Matsuki et al., 2006) . Such as 0 3 complex chemosensory capability may require complex anatomical features. By contrast, B. malayi is a 0 4 parasitic nematode that infects humans and is vectored by mosquitoes so there is effectively "free-living" stage 0 5
that requires an ability to discern such a multiplicity of environmental stimuli. As a result, B. malayi is unlikely to 0 6 require specific anatomical adaptations that would enhance the acuity of the chemosensory system in order to 0 7 thrive in its ecological niche. The amphids of animal-parasitic nematodes (APNs) are often less pronounced 0 8 than those of free-living nematodes, thus providing support for this hypothesis (Goater et al., 2013) .
We used the fluorescent lipophilic dye DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine 1 0 perchlorate) to visualize internal sensory neuroanatomy across multiple life stages. Our results showed stage-1 1 specific variations in dye-filling patterns, for example, while amphid channels were found to dye-fill in all life and only periodic staining of these neurons was detected in non-IJ stages. Our results are consistent with 2 9 these findings and suggest that, although the architecture of sensory anatomy is generally considered 3 0 conserved across the phylum, modifications to sensory neurons exist between species and that these 3 1 alterations may be a result of stage-and niche-specific adaptations.
2
To our knowledge, this is the first report to demonstrate that filarial nematodes exhibit specific tactile 3 3 behaviors in response to host-derived odorants and the first to demonstrate chemosensory responses to host-3 4 derived compounds in B. malayi. Of note, both 3-methyl-1-butanol and 1-nonanol, which are human skin and 3 5 sweat odorants and are known mosquito attractants (Meijerink et al., 2001; Qiu et al., 2011; Verhulst et al., 3 6 2011; Mukabana et al., 2012; Mathew et al., 2013) , repelled L3 stage parasites. In contrast, physiologic saline 3 7 that mimics the internal environment of the mosquito (Aedes saline) and human host compounds (L-lactic acid 3 8 and human serum) were attractive. Together, these results indicate chemosensation in this nematode that may 3 9
be important in transmission of this parasite by providing both positive and negative stimuli to encourage host 4 0 penetration. In contrast to S. stercoralis, which actively seeks out a suitable host, B. malayi L3s are transmitted 4 1 to human hosts through the bite of an infected mosquito. When the mosquito takes a blood meal, these worms 4 2 migrate out of the proboscis onto the skin and crawl into the wound track left by the blood-feeding mosquito. In 4 3 contrast, S. stercoralis must actively seek out a suitable host, so these parasites are strongly attracted to 3-
4
methyl-1-butanol, 2-methyl-1-butanol and 1-nonanol, all of which are compounds found in human sweat 4 5 (Meijerink et al., 2001; Castelletto et al., 2014) . Unlike B. malayi L3s, IJ stage S. stercoralis are soil-dwelling 4 6 nematodes, and it is likely that these and other host-derived compounds direct this parasite to a suitable host,
7
where B. malayi is delivered directly onto the host skin and has to rapidly enter before it desiccates and dies.
8
The results presented here indicate that B. malayi either have no response to, or are repelled by compounds 4 9 found in human sweat. This negative response may facilitate transmission of the parasite by acting as a 5 0 stimulant to move away from the host surface and drive skin penetration while the attractive response to serum 5 1 and L-lactic acid may act as a "beacon" to direct the parasite to the wound track left by the mosquito vector.
2
This study describes a platform to interrogate filarial responses to external stimuli and may be further 5 3 adapted to investigate other sensory cues such as temperature and pH. Historically, platforms used to 5 4 investigate nematode sensory responses and pathways have leaned heavily on agar plate-based formats.
5
Such assays have many advantages; they are simple, cost-effective, generate reasonable throughput, and are
6
well suited to motile free-living, entomopathogenic and plant-parasitic species. Translating such simple assays 5 7
to focus on animal-parasitic nematodes is more challenging but our work here is significant because it 5 8 reinforces the idea that plate-based assays can be leveraged to ask fundamental questions about sensory 5 9 perception in nematodes of veterinary and medical importance in a very straight forward manner. This plate-6 0 based assay is effective in identifying coarse tactic behaviors in B. malayi infective stage larvae -a stage that 6 1 inherently is transitioning from the vector to the vertebrate host. The assay may not be well-suited for other life 6 2 stages of the parasite, or for recognizing and quantifying more nuanced behaviors. As this work continues it 6 3 may be possible to integrate other approaches to increase the precision and complexity of data generated.
4
Recording electrophysiological activity from nematode sensory neurons is possible and a protocol has been 6 5 described for immobilized individual adult B. pahangi (Perry, 2001; Rolfe et al., 2001) . Such assays are 6 6 technically demanding, however, and have limited throughput. Another exciting possibility is to adapt recent 6 7 advances in microfluidic technologies that have been applied to C. elegans to create so-called "worm-on-a-6 8 chip" devices capable of handling and recording sensory responses in those nematodes (for review, see
9
Bakhtina and Korvink, 2014). The design and fabrication of such devices is relatively simple and the low cost of 7 0 manufacture combined with great opportunities for complexity, integration and functionality should allow these 7 1 on-chip devices to be used with parasitic nematodes.
2
In summary, the research presented herein introduces a platform to better understand those molecular 7 3 pathways underpinning filarial worm tactic behaviors central to transmission and infection, and positions
4
investigators to define the precise role that chemosensation plays in these processes. Additional research will 7 5 be needed to characterize the particular molecular mechanisms at play, and the assay we describe can be 7 6 interfaced with reverse genetic approaches to provide a genetic and mechanistic basis for the observed 7 7
responses. To this end, we have developed a robust and reliable in vivo RNAi protocol to suppress genes of 7 8 interest in the B. malayi L3 stage (Song et al., 2010) , whilst others have shown that RNAi can be applied to 7 9 other life stages of the parasite in vitro (Aboobaker and Blaxter, 2003; Ford et al., 2009; Landmann et al., 2012;  8 0 Singh et al., 2012; Winter et al., 2013; Luck et al., 2016; Misra et al., 2017; Verma et al., 2017) . This 8 1 receptiveness to RNAi, combined now with assays to interrogate sensory phenotypes, advances B. malayi as 8 2 a tractable system to better understand sensory biology in filarial worm parasites. This may lead to 8 3 independent or synergistic strategies to help control diseases of medical and veterinary importance. human serum), NaCl, and L-lactic acid. Infective stage larvae show aversion to 1-nonanol and1-octen-3-ol.
6
Control diluent for compounds in the left and right panels are parrafin oil and H 2 O, respectively. Box-plots are 1 7
shown with significance relative to control (two-tailed t-test: ** p-value < 0.01; * p-value < 0.05). Each data 
